Abstract. The AKT/mammalian target of Rapamycin (mTOR) signaling pathway plays a critical role in glioblastoma multiforme (GBM) oncogenesis due to activation of AKT. We studied two distinct complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), through which mTOR controls cell survival, growth and motility. Inhibition of mTOR by Rapamycin (RAPA) resulted in time-dependent suppression of S6 ribosomal protein (pS6K Ser235/236 ; mTORC1 substrate) and caused transient suppression of pAKT Ser473 (mTORC2 substrate) at 1 to 3 h followed by a consistent increase from 6 to 24 h. Inhibition of mTOR or phosphoinositide 3-kinase (PI3K) suppressed platelet-derived growth factor (PDGF)-or fibronectin (FN)-induced activation of p70S6K Thr389 . Combined inhibition of mTOR and PI3K abolished PDGF-or FN-induced activation of STAT3 Ser727 . Expression of pAKT was suppressed by siRNA silencing of mTORC2 co-protein Rictor, but not by mTORC1 co-protein Raptor. GBM cell proliferation and motility paralleled the activation of mTORC2. Combined inhibition of mTOR and PI3K had an additive effect on suppressing cell growth and motility. PDGF-induced nuclear localization of mTOR was blocked by pre-treatment with RAPA. The results demonstrated that an activation of mTORC2 occurs when mTORC1 is inhibited by RAPA. Therefore, simultaneous suppression of mTORC1 and mTORC2 may provide novel therapy for GBM.
Introduction
Glioblastoma multiforme (GBM), a grade IV astrocytoma, is the most common primary brain tumor in humans and despite current treatment modalities such as surgical resection, radiotherapy and chemotherapy, median survival time remains 1 year after diagnosis (1) . GBM may develop de novo (primary GBM) or progress from a low-grade or anaplastic astrocytoma (secondary GBM) with either type defined by specific clinical courses (2) . Multiple genetic pathways are abnormal in GBM including amplification of epidermal growth factor receptor (EGFR), loss of chromosome 10q, mutation in phosphatase and tensin homolog (PTEN), mutation of p53, and concominent loss of p16 and p18 (2, 3) . Furthermore, aberrant signaling pathways contributing to abnormal cell migration, invasion and proliferation are responsible for the aggressive nature of GBM. Parallels between growth factor signaling elements implicated in GBM progression and those that control crucial stages in neural development are consistent with recent evidence signifying neural stem and/or progenitor cells as the cell type of origin for GBM (4) (5) (6) . Furthermore, the stem cell marker nestin and JNK in tumor and peri-tumor areas served as prognostic markers for GBM (7) .
Mutations of tumor suppressor PTEN that occur with an estimated frequency of 70-90% and its associated downstream proteins, are well accepted changes with potent influences on GBM function (8, 9) . A loss of PTEN increases the pool of self-renewing neural stem cells and induces loss of homeostatic control of proliferation indicating cell cycle dysregulation during gliomagenesis (10) . PTEN loss results in the upregulation of the phosphoinositide 3-kinase (PI3K)/AKT pathway involved in regulation of cellular processes such as transcription, translation, cell cycle progression and apoptosis (11, 12) . AKT (protein kinase B), a serine/threonine protein kinase, regulates cell growth and survival by activating multiple downstream targets, including GSK-3B, p21, p27 and NF-κB (11) and activation of AKT plays a crucial role in gliomagenesis as shown in animal models (13) .
Notably, the downstream signaling target of AKT, mammalian target of Rapamycin (mTOR), is a critical effector of cell signaling pathways generally deregulated in many cancers including GBM (14) (15) (16) . Recent studies have suggested that mTOR exists in two multiprotein complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (15) . mTORC1 and mTORC2 are two structurally and functionally distinct protein complexes which share the catalytic subunit of the protein kinase mTOR (17) . In mTORC1, mTOR is associated with Rapamycin-sensitive adapter protein of mTOR (Raptor) whereas in mTORC2, mTOR is associated with Rapamycin-insensitive companion of mTOR (Rictor) (16) .
Involvement of mTORC1 and mTORC2 in regulation
of glioblastoma multiforme growth and motility mTOR activation enhances RNA translation via S6 ribosomal protein (18) . Upstream of mTORC1 and mTORC2, the GTPase termed Ras homolog enriched in brain (Rheb) is found to activate mTORC1 via direct binding to mTOR (19) . Activation of upstream AKT inhibits the Tuberculin Sclerosis 1/2 (TSC 1/2) complex that allows Rheb to activate mTORC1 (16) . Downstream of mTORC1, the kinase S6K1 directly phosphorylates multiple targets including programmed cell death protein 4 (PDCD-4), a tumor suppressor (20) . Among multiple feedback loops, the negative regulation of AKT activity by mTORC1 is largely attributed to the effect of S6K1 generating inhibitory phosphorylation of insulin receptor substrate-1 (IRS-1) thus reducing PI3K activation (21) . Some studies have indicated that it is unlikely that this is the only mechanism by which activated mTOR leads to the inhibition of AKT, since AKT inhibition by mTORC1 also has been observed in the presence of several growth factors and not exclusively in the presence of IGF-1 (22) . The transcription factor Signal Transducer and Activator of Transcription 3 (STAT3) is known to play an important role in astrocyte differentiation during normal brain development (23) . As with mTOR, STAT3 is present downstream of EGFR. It appears that STAT3 activation by mTOR occurs at mTOR-specific phosphorylation of STAT3 at serine 727 (24) . Cytokine-induced STAT3 activation is specifically disrupted in PTEN-deficient but not PTEN-expressing GBM cells (25) . Furthermore, activation of STAT3 in GBM tumors may indicate enhanced proliferation (26) . However, the involvement of STAT3 in gliomagenesis via the mTOR-stimulated pathway remains to be established.
Several tumors and familial syndromes show mutations along the PI3K/AKT/mTOR pathway, thus creating the potential for novel chemotherapeutic approaches to control or abate tumorigenesis (27) . Clinical trials of Rapamycin (RAPA) and its analogs (CCI-779/temsirolimus, RAD001/ everolimus, AP23573) have shown great promise in a variety of tumor treatments, but have also created new challenges regarding drug resistance in the treatment of GBM. Two recent phase II trials of temsirolimus treatment in GBM showed a partial response with a median time to progression of 2.3 months (28, 29) . Despite significant therapeutic advances, GBM remains incurable in these treatments. Moreover, drugs that inhibit both mTOR and PI3K have enhanced activity in GBM models (30) . Thus far, the molecular mechanisms of drug failure have not been fully understood. Consequently, the primary aim of this study is to decipher a shift between mTORC1 and mTORC2 and delineate the consequence of this mechanism as it pertains to cellular growth and motility of GBM.
Materials and methods
Cell lines. GBM cell lines LN-18 and U373 (ATCC, Manassas, VA) were used to investigate the involvement of the PI3K/ AKT/mTOR signaling pathway in GBM progression.
Cell culture. Cell lines were maintained in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FBS and 1% penicillin/ streptomycin/amphotericin in a humidified 5% CO 2 incubator at 37˚C. Cells were made quiescent by serum deprivation 24 h prior to treatment with various combinations of Rapamycin (RAPA, mTOR inhibitor), LY294002 (LY, PI3K inhibitor), platelet-derived growth factor (PDGF), epidermal growth factor (EGF) (EMD Chemicals, Gibbstown, NJ) or fibronectin (FN, extra-cellular matrix) (Sigma-Aldrich, St. Louis, MO).
Isolation of protein.
Protein extraction was performed with whole cell lysis buffer containing 1% Triton X-100, 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, phosphatase and protease inhibitors (Sigma-Aldrich). Protein concentrations were determined by the modified Lowry Method (Bio-Rad Laboratory, Hercules, CA).
Western blot analysis. Equal amounts of protein were resolved on a 4-16% gradient, 6%, or 10% SDS-PAGE gel and then electrotransferred onto nitrocellulose membrane. Membranes were processed according to the manufacturers' instructions (Santa Cruz Biotechnology, Santa Cruz, CA; Cell Signaling Technology, Danvers, MA) using primary antibodies for activated and total mTOR, AKT, Rictor, Raptor, ribosomal protein S6K (S6K), 70 kDa ribosomal protein S6 kinase (p70S6K) and STAT3 at 1:1000 dilutions, and bands were detected by chemiluminescence (Cell Signaling Technology). Blots were stripped with reagent (EMD Chemicals) and reprobed with actin or respective total antibodies to ensure equal loading. Experiments were conducted at least 3 times.
siRNA. Cells were transfected with siRNA according to the manufacturer's instructions (Qiagen, Valencia, CA). Small interfering RNA (siRNA) duplex target sequences were generated for: mTOR (FRAP; NM_004958; CAGGCCTAT GGTCGAGATTTA), Raptor (KIAA1303; NM_020671; CTGGGTCTTCAACAAGAACTA), Rictor (NM_152756; ATGACCGATCTGGACCCATAA), and ribosomal protein S6 kinase (RPS6KB1; NM_003161; AAGCCGGAGAATA TCATTCTT). AllStar Hs Cell Death Control and non-specific AllStar Negative Control (Qiagen) were used as positive and negative controls, respectively. Following 48 h incubation, proteins were collected by Western blot analysis. Successful transfection was documented by apoptotic cells (Fig. 3A) .
Cell proliferation assays. Cell growth was measured by MTT assay according to the manufacturer's protocol (Chemicon, Billerica, MA). Cells (3,000/well) were seeded onto a 96-well plate and made quiescent for 24 h prior to treatment. After completion of treatment, fresh media containing 10 μl of MTT reagent was added to cells, plates were incubated at 37˚C for 4 h, 100 μl of detergent reagent was added and absorbance was measured after 2 h.
Radial migration assay.
A monolayer radial migration assay technique was used to determine the GBM motility (31) . Ten individual 7-mm circular areas (CSM, Phoenix, AZ) were coated with 10 μg/ml laminin and 0.1% BSA (Sigma-Aldrich). Cells were seeded (3,000 cells/μl) via a CSM manifold onto the circular areas. After overnight incubation, the manifold was removed, cells were treated with various drugs (EGF, LY, RAPA) or RAPA-timed treatments. Initial and 24 h post-treatment cell radii were recorded using an inverted microscope (Axiovert 100M; Zeiss, Thornwood, NY).
Migration rate was calculated by Scion Image (Scion, Frederick, MD) and migration distance was calculated by Axiovision (Zeiss).
Chemotactic migration. Directional migration was performed using a 48-well modified Boyden chamber kit (NeuroProbe, Gaithersburg, MD). Quiescent cells were subjected to RAPA-timed treatments (1, 3, 6, 12, 24 h ). Vehicle-treated cells served as controls. Cells were aliquoted (3,000 cells/μl) in either serum-free media or their respective RAPA-treated media. FN (20 ng/ml, Sigma-Aldrich) was used as a chemoattractant and cells were allowed to migrate for 4 h through a After an initial decline in pAKT levels from 1 to 3 h, a consistent increase in AKT activation was evident at 6, 12 and 24 h. The same blot was stripped and reprobed with total AKT showing invariable expression across treatments. (E) Densitometric analysis of the pAKT:total AKT ratio shows an initial drop followed by a persistent increase. (F) Independent values of pAKT and total AKT are plotted. An alteration in pAKT levels following RAPA treatment represents the ratio seen in (E), since total AKT remained invariable throughout 24 h. (G) Western blot analysis shows the expression of pS6K and total S6K following combined 24 h treatment with RAPA (10 nM, mTOR inhibitor) and LY (10 μM, PI3K inhibitor). Combined treatment totally suppressed the levels of pS6K. The same blot was stripped and reprobed with total S6K showing invariable expression compared to control. (H) Densitometric analysis of pS6K:total S6K expression showed that compared to control, the levels after combined treatment were dramatically suppressed.
PVC membrane (8 μm pore). The membrane was fixed in 70% ethanol, scraped along the non-migrated cell surface and stained with DiffQuick (IMEB, San Marcos, CA). Migrated cells were imaged at 2.5X (Axiovert 100M) and analyzed as a percentage of total microscopic field occupied by migrated cells (ImageJ, NIH, Bethesda, MD).
Immunofluorescence. Quiescent cells were treated with RAPA (10 nM), PDGF (25 ng/ml), or RAPA and PDGF followed by fixation with 4% paraformaldehyde/0.1% Tween. Cells were blocked with 5% BSA, incubated for 1 h with mTOR antibody (1:50, FRAP H-266, Santa Cruz Biotechnology) and subsequently incubated with fluorescein-conjugated antibody (Jackson ImmunoResearch, West Grove, PA). DAPI counterstain was performed (Sigma-Aldrich).
Statistics. Values are presented as the mean ± SEM. Student's t-test (unpaired, two-tailed) was used to evaluate significant variations between control and treated groups. T-values of p<0.05 were considered significant while p<0.10 was defined as a trend towards significance.
Results

RAPA treatment induces shift between mTORC1 and mTORC2
complexes. mTOR is present in two complexes, mTORC1 and mTORC2. mTORC1 activity is determined by phosphorylation of p70S6K
Thr389 or ribosomal subunit S6K Ser235/236 and mTORC2 activity can be measured by pAKT Ser473 . To investigate the shift between the two complexes, we analyzed the phosphorylation of S6K and AKT after timed treatments with RAPA (10 nM) between 1 to 24 h. RAPA caused a time-dependent drop in S6K phosphorylation over the course of 1 to 12 h and plateaued at 24 h. Blots were also reprobed for total S6K antibody (bottom panel; Fig. 1A ). Densitometric quantification of pS6K: total S6K ratio demonstrated a persistent decline in S6K activity over 12 h (Fig. 1B) . Also shown are the values of pS6K and total S6K separately against time, which represent that the decline in pS6K:S6K ratio was due to the decline in pS6K levels (Fig. 1C) .
AKT phosphorylation at Ser473 showed a different pattern following timed RAPA treatment. An initial suppression in pAKT was observed at 1 to 3 h, followed by a consistent upregulation of AKT activation at 6, 12 and 24 h (Fig. 1D ). Densitometric analysis of pAKT:total AKT ratio demonstrated a 3-fold decline from control to 3 h followed by an increase of 9-fold thereon up to 24 h (Fig. 1E) . Levels of pAKT reflect this ratio since total AKT levels remained invariable across treatments (Fig. 1F ). In addition, there was a correlation between pAKT:AKT and pS6K:S6K from 1 to 3 h (r = 0.95) and an inverse correlation from 3 to 12 h (r = -0.99).
When cells were treated with combined inhibitors of mTOR (RAPA; 10 nM) and PI3K (LY; 10 μM) for 24 h, there was total suppression of pS6K (Fig. 1G) . Densitometric analysis showed a 61% decline in pS6K:total S6K ratio from control (Fig. 1H ).
PI3K and/or mTOR inhibition curtails PDGF or FN-induced activation of p70S6K
Thr389 and STAT3 Ser727 . Treatment with FN or PDGF induced phosphorylation of p70S6K Thr389 (an mTOR-sensitive site). Pre-treatment with RAPA (10 nM) or LY (10 μM) for 24 h prior to treatment with FN or PDGF (30 min) caused a noticeable suppression of p70S6K phosphorylation ( Fig. 2A) . The same blot was re-probed with total p70S6K. The ratio of pp70S6K:total p70S6K showed that RAPA or LY treatment suppressed PDGF-or FN-induced phosphorylation of p70S6K (Fig. 2B) .
Phosphorylation of STAT3 Ser727 (an mTOR-sensitive site) was induced by PDGF or FN treatment. A combined pretreatment with RAPA (10 nM) and LY (10 μM) for 24 h prior to PDGF or FN treatment, completely suppressed STAT3 phosphorylation (Fig. 2C) . The same blot was stripped and reprobed for total STAT3 and showed constant levels of total STAT3 across treatments. The ratio of pSTAT3:total STAT3 demonstrated that PDGF-or FN-induced phosphorylation of STAT3 was curtailed by a combined pre-treatment with LY and RAPA.
Inhibition of mTORC2 but not mTORC1 via siRNA silencing activates AKT. Protein synthesis of mTOR, Raptor, Rictor and S6K via siRNA interference was suppressed in order to determine the activation of AKT and place it with respect to mTORC1 and mTORC2. Cells were maintained in their respective siRNA. mTOR concentration was mildly altered by its siRNA, which may be explained by the fact that this protein is nutritionally sensitive. The expression of Raptor, Rictor and ribosomal protein S6 kinase were reduced after their respective siRNA treatments (Fig. 3B) . Notably, pAKT expression was reduced dramatically by Rictor siRNA but not Raptor, mTOR or ribosomal protein S6 kinase siRNA (Fig. 3C) , placing AKT downstream from mTORC2.
Inhibition of mTOR or PI3K causes suppression of GBM cell proliferation in a discrete manner. In order to establish whether the mTORC1 to mTORC2 shift contributes to cell proliferation, cells were treated with RAPA at low (10 nM) and high (100 nM) doses for 12, 24 and 48 h ( Fig. 4A and B) . RAPA treatment for 12 h at low and high doses caused a suppression of cell viability by 28 and 47%, respectively. At 24 h there was a negligible difference in cell viability compared to control for both doses. A noticeable drop in cell viability to 74% was seen at 48 h with low dose while no viable cells were detectable at high dose. The treatment with LY, however, showed a dose-and time-dependent decline in cell numbers at both low (5 μM) and high (10 μM) doses of LY, r= -0.96 and -0.99, respectively (Fig. 4B) .
In order to establish the effects of the AKT/mTOR pathway on cell proliferation, cells were treated with PDGF or FN following 24 h of LY or RAPA pre-treatments. RAPA treatment alone caused a modest decline in cell viability (68%, Fig. 4C ). Pre-treatment of cells with RAPA for 24 h suppressed PDGF or FN response to cell proliferation. LY pre-treatment caused a noticeable suppression of PDGF or FN response to cell viability (Fig. 4D ). Combined treatment with RAPA and LY noticeably suppressed PDGF induced cell growth (p<0.05, Fig. 4E ).
Inhibition of PI3K suppresses GBM cell motility and mTOR suppression influences GBM motility via mTORC2.
Two methods of migration were used in this study: i) random, non-directional migration on laminin and ii) directional migration towards a chemoattractant (FN) using a modified Boyden chamber. For analysis of radial migration following drug treatments, the radial migration rate was calculated according to the farthest traveled cell over a 24 h period. A representation of the migrated cells during individual treatments is shown (Fig. 5A) . EGF significantly increased cell migration 3-fold compared to control (Fig. 5B) . The distances that GBM cells migrated following timed RAPA treatments are presented (Fig. 5C ). Timed treatment with RAPA over a 24 h period showed that while a short-term RAPA treatment (1, 3 and 6 h) caused no alteration in cell motility compared to control, a trend towards increased GBM cell motility was evident at 12 and 24 h (p<0.1, Fig. 5D ). Chemotactic analysis following RAPA treatments over a 24 h time course demonstrated a lack of motility at 1 and 3 h while a significant increase in cell motility at 6 h (p<0.05), 12 h (p<0.05) as well as 24 h (p<0.05) was observed ( Fig. 5E  and F) . Inhibition of PI3K (LY) noticeably reduced nondirectional cell migration while inhibition of mTOR (RAPA) did not alter migration rate compared to control over a 24 h period. An additional finding of this study is that when a combined inhibition of PI3K and mTOR was used, a significant trend towards suppression of cell migration was found compared to PDGF treatments (p<0.01, Fig. 5G ).
PDGF-induced nuclear localization of mTOR is suppressed
by RAPA treatment. mTOR may exert its action via cytoplasmic-nuclear shuttling. Under vehicle-treated condition, mTOR was predominantly localized to the cytoplasm as seen by the sharp staining of mTOR in the cytoplasm (Fig. 6A) . We examined whether PDGF (25 ng/ml) influenced the signaling of mTOR through nuclear localization. When quiescent GBM cells were treated with PDGF for 30 min, nuclear localization of mTOR protein was observed. This nuclear localization was blocked by pre-treatment of cells with RAPA (10 nM) showing only cytoplasmic mTOR localization. These results indicate that PDGF-induced mTOR localization was influenced by RAPA.
Discussion
Our results demonstrated a significant contribution of mTORC2 in controlling GBM cell growth and motility. The findings showed that RAPA (mTOR inhibitor) caused sustained decline in pS6K and enhanced AKT activity over a period of 24 h. Activation of p70S6K or STAT3 was suppressed by inhibition of PI3K or mTOR. siRNA silencing of Rictor, but not Raptor, mTOR or S6K, suppressed activation of AKT. Inhibition of either PI3K or mTOR suppressed cell growth and in combination they had an additive effect. PI3K inhibition caused a dose-and time-dependent suppression of cell growth, while a parabolic curve of cell proliferation was obtained with mTOR inhibition. Both directional and nondirectional migration increased with sustained mTOR inhibition; however, PI3K inhibition more effectively suppressed non-directional migration. Inhibition of mTOR influenced its PDGF-induced cytonuclear shuttling. We demonstrated that suppression of mTOR led to a time-dependent decrease in pS6K
Ser235/236 up to 12 h with no significant change from 12 to 24 h (Fig. 1A and B) . . Effects of PI3K and mTOR suppression on GBM directional and non-directional migration. Non-directional migration rate (A) imaged and (B) calculated over a period of 24 h indicated that LY 294002 (LY) but not rapamycin (RAPA) showed a dramatic suppression in migration. EGF treatment showed a marked increase in migration rate. The mTORC2 influenced GBM cell migration in a RAPA-dependent manner. (C) Photomicrographs (x2.5) and (D) quantification of non-directional migration distance following timed-RAPA treatment showed that while no significant change was observed following 1, 3 and 6 h of RAPA treatment, a trend towards increased cell migration was seen at 12 and 24 h. Similarly, (E) photomicrographs (x10) and (F) quantification of the number of migrated cells (as percent of surface area) studied by directional migration towards FN showed no alteration in migration at 1 and 3 h compared to control, but a robust increase was observed at 6, 12 and 24 h. (G) While pre-treatment with LY suppressed PDGF-induced non-directional GBM migration, a combined treatment with LY and RAPA showed a trend towards an additive effect in suppressing cell migration. Results show mean with standard error of mean. $ P<0.10, * P<0.05. See Results for details.
but gradually increased from 6-24 h. The latter finding suggests an activation of mTORC2 where mTOR forms a complex with Rictor upon disengaging from Raptor. This finding may be explained by one of the following two mechanisms: i) activation of a negative feedback loop due to a drop in S6K levels below threshold leading to an activation of AKT via an upstream IRS-1 (32), or ii) activation of mTORC2 complex from a shift to mTORC2 formation instead of mTORC1 as a result of disruption in Raptor binding. Our findings suggest that the activation of pAKT at later time points following RAPA treatment was due to the activation of mTORC2, since silencing of Rictor but not Raptor regulated pAKT levels ( Fig. 3B and C) . The observation of a sustained decline in pS6K expression suggests that RAPA treatment continues to influence mTORC1 activity up to 24 h. Some studies have demonstrated that prolonged treatment with RAPA or its derivatives reduce mTORC2 signaling and inhibit AKT activation in cancer cells (33) . An increase in activated AKT expression has been seen in clinical trials of everolimus (RAD001), an analog of RAPA, on a variety of solid tumors (34) . Studies done on mouse models of GBM have shown that the effects of oncogenic AKT or Ras on gene expression are via the selective induction of mRNA translation regulating growth, transcriptional regulation, cell-cell interaction and morphology (35) . Moreover, genetic and biochemical experiments have indicated that AKT can activate mTORC1 via the direct activation of mTORC2 (11, 36) . As with our study, AKT phosphorylation appears to be induced by the activation of mTORC2 (26, 37) . Future studies would emphasize the consequence of AKT activation via mTORC2. By demonstrating an inadvertent activation in AKT after mTOR inhibition, a potential mechanism for the drug resistance following treatment with RAPA or its analogs currently in clinical trials can be explained. mTOR resides in two multiprotein complexes, with mTORC1 regulating cell growth and translation initiation, while mTORC2 is involved in cytoskeletal reorganization (16) . The induction of mRNA translation by mTORC1 is mediated by the interaction of downstream S6K and the eukaryotic translation initiator factor 4E-BP1. S6K can inhibit AKT through a feedback loop via IRS-1 (11) thus physiologically low levels of S6K are considered tumorigenic (26). However, the threshold level of S6K that becomes tumorigenic remains to be established. An important observation in our study was that a combined inhibition of mTOR and PI3K resulted in a dramatic downregulation of pS6K ( Fig. 1G and H ). There may be alternative ways by which AKT is regulated by mTORC1 (38) . mTORC2 also activates AKT and thus mTOR is at a potential junction to shift AKT levels. Suppression of Rictor but not Raptor by siRNA interference resulted in total inhibition of pAKT expression (Fig. 3C ). Due to interacting pathways, mTORC1 activity is dependent on mTORC2. Thus, these findings place mTORC1 regulation downstream of AKT and mTORC2 regulation upstream of AKT.
Activation of p70S6K was influenced by RAPA indicating the ability of mTOR to regulate this kinase. mTOR phosphorylates p70S6K at Thr389 in vitro (39) , but contrary studies indicate that mTOR mediated Thr389 phosphorylation and p70S6K activation occur via a protein phosphatase 2A dephosphorylation (40) . In our study, PDGF-or FN-induced p70S6K
Thr389 was suppressed by RAPA or LY ( Fig. 2A and B ). This suggests that p70S6K activation results in increased phosphorylation of ribosomal protein S6K downstream Ser235/236 activation leading to a suppression of cell growth and sustaining cell motility, whereas RAPA treatment (>6 h) shifts to mTORC2 activity, resulting in enhanced cell growth and motility. A combined inhibition of mTOR (RAPA) and PI3K (LY294002) completely abolished S6K Ser235/236 expression and also abrogated activation of pSTAT3 Ser727 induced by PDGF or FN treatment. Indication of a 'p' before any protein shows that the protein is phosphorylated/activated. EGF, epidermal growth factor; PDGF, platelet-derived growth factor; LN, laminin; FN, fibronectin; RTK, receptor tyrosine kinase; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PTEN, phosphatase and tensin homolog; mTOR, mammalian target of Rapamycin; Raptor, rapamycin-sensitive adapter protein of mTOR; Rictor, rapamycin-insensitive companion of mTOR; FKBP, STAT3; Signal Transducers and Activator of Transcription 3. from it, a key regulator of cell motility and growth. These observations confirm the site of phosphorylation for p70S6K by mTOR in GBM.
Studies have linked mTOR with STAT3 and demonstrated that mTOR activates STAT3 specifically at Ser727 (24) . Furthermore, inhibition of mTOR by RAPA inhibits STAT3 activation and glial differentiation (23, 33) . Recent studies demonstrated that cytokine-induced STAT3 activation was specifically disrupted in PTEN-deficient cells but not PTENexpressing GBM cells (25) . PTEN status of GBM cells exclusively affects pSTAT3
Ser727 (an mTOR-sensitive site). In fact, increased activation of pSTAT3
Ser727 correlated with enhanced GBM proliferation (26) . Consistent with this study, activation of pSTAT3
Ser727 by PDGF of FN was totally abolished by pretreatment of GBM cells with LY and RAPA ( Fig. 2C and D) . Conversely, the total inhibition of cell viability at 48 h by RAPA may be due to inhibition of AKT activation by dephosphorylation, altered localization, and/or inhibition of assembly components. LY or RAPA alone produced minor alterations in Ser727 phosphorylation (data not shown). Our findings suggest that pSTAT3 at the Ser727 site is downstream of mTOR-sensitive proteins and may require intermediate molecule(s) between PI3K and mTOR, perhaps through AKT. Future studies would identify such molecules and may shed light on gliomagenesis since involvement of STAT3 participates in neuronal stem cells regulation (41) .
Cell proliferation was suppressed by PI3K or mTOR inhibition. The time treatment of LY showed a time-and dosedependent suppression of cell growth. RAPA treatment, however, showed a parabolic curve, with decline at 12 h, increase at 24 h, followed by suppression in cell growth at low dose and total inhibition at high dose (48 h) (Fig. 4A and  B) . Numerous studies have demonstrated that the inhibition of these pathways leads to growth suppression of tumor cells (41) . LY or RAPA suppressed PDGF-or FN-induced proliferation ( Fig. 4C and D) and combined pre-treatment had an additive effect (Fig. 4E ). These observations corroborate with our biochemical findings that a shift from mTORC1 to mTORC2 appears following RAPA treatment.
We observed that radial (non-directional) migration of GBM cells was inhibited by PI3K inhibitor LY but not by RAPA. A marked decline in PDGF-induced migration was seen after the inhibition of both PI3K and mTOR (Fig. 5G) . Migration was unaltered by RAPA treatment from 1 to 6 h compared to control; however, a trend towards increased migration from 12 to 24 h was evident ( Fig. 5A and B) . RAPA has been shown to influence cellular migration in GBM cell line U373 by abrogating F-actin reorganization stimulated by IGF-1 (42) . This study also suggested IGF-1 induced phosphorylation of focal adhesion proteins such as FAK, paxillin and p130 via disruption of the mTOR-Raptor complex. Analyzing cell migration can be valuable in assessing gene function and cell behavior of GBM (31) . Directional migration using a chemotactic technique showed that migration, while unchanged during early (1 to 3 h) RAPA treatment, resulted in a robust increase in motility at later time points (6, 12 and 24 h) ( Fig. 5C and D) . This pattern of migration corroborates our biochemical findings where RAPA, while suppressing mTORC1, stimulates mTORC2. Interestingly, cytoskeletal activation downstream from mTORC2 has been suggested via Rho and other related proteins (16) , which are consistent with our observation at a later time point of RAPA induced GBM motility. Alternatively, a study using a transwell two-chamber migration assay indicated that cytokine-induced cell migration did not involve mTOR in cancer cells (43) .
Recent studies have demonstrated that mTOR may function via nucleocytoplasmic signaling (44) . We observed that stimulation with PDGF influences the cellular localization of mTOR (Fig. 6A) . In quiescent GBM cells, PDGF-induced mTOR localization to the nucleus, and this was curtailed by pre-treatment with RAPA. mTOR translocation to the nucleus upon growth factor induction appears to be rapid since it is documented within 30 min of treatment. The exact role of mTOR in the nucleus remains to be explored; however, activated mTOR has been shown to be localized to subnuclear structures that resemble polymorphonuclear (PML) bodies. These PML bodies represent distinct, dynamic structures that control cell proliferation, apoptosis, cellular senescence and are associated with AKT phosphorylation (45) .
In conclusion, the frequent activation of AKT in cancer cells and its modulation by mTOR make both of these proteins attractive therapeutic co-targets. As depicted schematically (Fig. 6B) , we showed that timed RAPA treatments cause a shift between mTORC1 and mTORC2 from 3 to 6 h, documenting a shift in pS6K and pAKT expression thus influencing proliferation and migration. In order to increase the efficacy of RAPA in controlling GBM dissemination, our results suggest that combined inhibition of mTORC1 and mTORC2 along with PI3K may be effective.
